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Available online 28 June 2014AbstractIn this work, the passivity of AZ31B alloy in NaOH solutions was studied by potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS) and MotteSchottky analysis. Potentiodynamic polarization results indicated that decreasing NaOH concentration leads to
decrease the corrosion rate of this alloy. EIS results showed that the reciprocal capacitance (1/C ) of the passive film is directly proportional to its
thickness which increases with decreasing NaOH concentration. Therefore, it is clear that dilute NaOH solutions offer better conditions for
forming the passive films with higher protection behaviour, due to the growth of a much thicker and less defective films. The MotteSchottky
analysis revealed that the passive films displayed n-type semiconductive characteristics, where the oxygen vacancies and interstitials (over the
cation vacancies) preponderated. Also, MotteSchottky results showed that the donor densities evaluated from MotteSchottky plots are in the
range of 1020 cm3 and decreased with decreasing NaOH concentration.
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Mg alloys have wide applications in the automotive and
aircraft industry due to their high strength/weight ratio [1e3].
The main advantage of these alloys is the reduction of the
weight of the components due to the low density and high
specific strength of these materials [4,5]. However, the prin-
cipal drawback of Mg alloys is the low corrosion resistance,
which is generally; much lower when compared to many other
competing materials, like steels or Al alloys [6e9]. This* Corresponding author. Fax: þ98 811 8257400.
E-mail addresses: a.fattah@basu.ac.ir, arash.fattah@gmail.com (A. Fattah-
alhosseini).
Peer review under responsibility of National Engineering Research Center for
Magnesium Alloys of China, Chongqing University
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.jma.2014.05.007.
2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Chobehaviour limits the range of applications of these materials
[1].
For Mg and its alloys, the surface film that forms sponta-
neously is poorly protective and very unstable in a wide range
of pH values. This film becomes protective and stable only at
pH values over 11 [10]. Many researchers reported that Mg
alloys have a good corrosion resistance due to the stability of
the passive layer in alkaline solutions. The passive layer forms
an efficient barrier against the metal dissolution and undergoes
a passivity breakdown under certain conditions [11e14].
The passive films formed on Mg alloys are known to
exhibit semiconducting properties, because of their non-
stoichiometric nature. Depending on the predominant defects
present in the passive film, either p-type or n-type behaviours
are observed [15e21]. Generally, MotteSchottky analysis has
been shown to be an important in-situ method for investigation
of the semiconductor properties of passive films [22,23].
Compared with many models describing the passivity, the
Point Defect Model (PDM) provides an excellent description
of the passive film growth, as well as an analytical expressionngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
Fig. 1. Potentiodynamic polarization curves of AZ31B alloy in NaOH
solutions.
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film [24e27]. Therefore, PDM can provide an opportunity for
quantitative analysis of the passive film.
To describing the transport of point defects and hence the
kinetics of passive film growth, the diffusivity of the point
defects is a key parameter. However extensive researches
published on the corrosion and passive behaviour of Mg al-
loys, it is still lack of study on the semiconducting behaviour
of the passive films formed on Mg alloys.
In this work, EIS and MotteSchottky analysis of AZ31B
alloy in alkaline solutions have been performed. This work
includes determination of the passive region for AZ31B in
alkaline solutions, measurement of the semiconductor char-
acteristics and estimation of the dopant levels in the passive
film, as well as the estimation of the film thickness as a
function of the solution concentration.
2. Experimental procedures
The specimens were fabricated from a thick plate of
AZ31B alloy with the chemical composition (wt.%): Al 2.3,
Zn 0.89, Mn 0.43, Sn 0.002, and balance Mg. All samples
were ground to 2500 grit and cleaned by deionized water prior
to tests.
The electrochemical measurements were performed in a
conventional three-electrode cell under aerated conditions.
The counter electrode was a Pt plate, while the reference
electrode was Ag/AgCl saturated in KCl. The electrochemical
measurements were obtained by using an Autolab potentiostat/
galvanostat system. Prior to the electrochemical measure-
ments, working electrodes were immersed at open circuit
potential (OCP) to form a steady-state passive film. The
potentiodynamic polarization curves were measured poten-
tiodynamically at a scan rate of 1 mV/s starting from
0.25 VAg/AgCl (vs. Ecorr) to 2.4 VAg/AgCl. The impedance
spectra were measured in a frequency range of 100 kHz to
100 mHz at an AC amplitude of 10 mV (rms) [5,28]. For the
EIS data modelling and curve-fitting method, the NOVA
impedance software was used. MotteSchottky analysis was
carried out on the passive films at a frequency of 1 kHz using a
10 mV ac signal, and a step rate of 25 mV in the cathodic
direction.
3. Results and discussion3.1. Potentiodynamic polarization measurementFig. 1 shows the potentiodynamic polarization curves for
AZ31B alloy in NaOH solutions as a function of solution
concentration. For all curves, the electrode exhibits the same
curve shapes similar to that reported previously [5,29], where
the current changes smoothly and linearly around the rest
potential manifesting cathodic and anodic Tafel behaviour.
Also, no activeepassive transition peak can be observed in the
anodic curve.
Generally, Tafel extrapolation method is widely used for
the measurement of the corrosion rate of Mg alloys [30e32].Indeed, the corrosion current density (icorr) was calculated by
Tafel extrapolation of the linear part for the cathodic branch
back to the mixed potential of zero net current (Ecorr) with
accuracy of more than 95% for the points more negative to
Ecorr by 50 mV [5]. The variation of the corrosion potential
and corrosion current density of AZ31B alloy in NaOH so-
lutions are illustrated in Fig. 2. It is observed that the corrosion
potential shifts towards the positive value with decrease in
solution concentration. Also, this figure shows that the
corrosion current density decreases with decrease in the con-
centration of NaOH solutions. The corrosion rate (C.R.) in
mm/y can be calculated through Faraday's law as follows
[5,33,34]:
C:R: ¼ 22:85 icorr ð1Þ
where icorr is in mA/cm
2. The variation of the corrosion rates
for AZ31B alloy as a function of NaOH concentration are
presented in Fig. 3. It is observed that the corrosion rate de-
creases with decrease in NaOH concentration.3.2. EIS measurementsThe EIS response of AZ31B alloy was performed at the
steady-state corrosion potential and the results are presented
as Nyquist and Bode plots in Fig. 4. The Nyquist and Bode
plots show a resistive behaviour at high frequencies, but in
the middle to low frequency range there was a marked
capacitive response. The Bode-phase curves show one time
constant (only one maximum phase lag at the middle fre-
quency range). The phase angles values remained very close
to 90. This evolution revealed the formation and growth of a
passive film. Also, there was a decrease of the low frequency
impedance with the solution concentration. Indeed, the
capacitive impedance is the least in 0.50 M NaOH solution
and increases with dilution. Based on these results, the
equivalent circuit shown in Fig. 5 was used to simulate the
measured impedance data on AZ31B alloy in NaOH solu-
tions. This equivalent circuit is composed of: Rs e solution
Fig. 2. Variation of the corrosion potential and corrosion current density of AZ31B alloy in NaOH solutions.
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the capacitance of the passive film; Rpf e resistance of the
passive film [35e37]. In the investigated frequency range
(100 kHz to 100 mHz) contribution of the double layer, or
reaction of oxygen evolution has not been detected and the
capacitance and the resistance of the passive film dominate
the overall process in the passive film.
Table 1 presents the best fitting parameters (with an average
error of less than 5%) obtained for the films formed on AZ31B
alloy immersed in NaOH solutions. As can be seen, Rpf in-
creases with decrease in NaOH concentration while C de-
creases. This behaviour indicates that grown passive film on
the AZ31B alloy surface is liable to dissolve in high NaOH
concentration, since Rpf is inversely proportional to the
corrosion current density. According to the equivalent circuitFig. 3. Variation of the corrosion rate oshown in Fig. 5, the passive film thickness (d ) can be calcu-
lated using Eq. (2) [20,27]:
d ¼ 330A
C
ð2Þ
where C is the total capacitance of the passive film, 3 the
relative permittivity of the passive film, 30 is the vacuum
permittivity (8.854  1014 F/cm), and A the area in cm2.
Generally, a change in the total capacitance of the passive film
(C ) can be used as an indicator for change in the passive film
thickness (d ). Therefore, the reciprocal capacitance of the
passive film (1/C ) is proportional to its thickness which in-
creases with decreasing NaOH concentration. It is clear that
dilute NaOH solutions give better conditions for forming thef AZ31B alloy in NaOH solutions.
Fig. 4. Nyquist and Bode plots of AZ31B alloy in NaOH solutions.
Table 1
Best fitting parameters for the impedance spectra of AZ31B alloy in NaOH
solutions.
NaOH solutions RS (U cm
2) Rpf (kU cm
2) Cpf (mF cm
2) n
0.50 M 6.44 4.61 16.22 0.887
0.10 M 28.28 10.32 15.07 0.896
0.05 M 56.1 24.84 12.07 0.908
0.01 M 266.4 44.12 9.61 0.910
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growth of a much thicker and less defective passive films [5].3.3. MotteSchottky analysisAccording to the MotteSchottky analysis, the space charge
capacitance of n-type semiconductor was given by theFig. 5. Best equivalent circuit used to model the experimental EIS data of
AZ31B alloy in NaOH solutions.following the MotteSchottky relationship (3) assuming that
the capacitance of the Helmholtz layer could be neglected
[15,19,38,39]:
1
C2SC
¼ 2
330eND

EEFB  kBT
q

ð3Þ
where e is the electron charge, ND is the donor density (cm
3),
3is the dielectric constant of the passive film ( 3¼ 9.6 [15]), kB
is the Boltzmann constant (1.38  1023 J/K), T is the absolute
temperature and EFB is the flat band potential [38,39].
Fig. 6 represents the MotteSchottky (C2 versus potential)
plots for the passive films formed on AZ31B alloy in NaOH
solutions. It should be noted that capacitances clearly decrease
with solution concentration. Also, all plots show one region in
which a linear relationship between C2 and E could be
observed. The positive slope in this region is attributed to n-
type behaviour. The dopant density calculated with this
method indicates the density close to the alloy/passive film
interface, where the concentrations of oxygen vacancies and
metal interstitials are predicted to be the highest [38,39].
According to the PDM, the flux of oxygen vacancy through
the passive film is essential to the film growth process, which
supports the existence of oxygen vacancy in the film regardless
of its concentration. In this concept, the dominant point de-
fects in the passive film are considered to be oxygen vacancies
and/or cation interstitials acting as electron donors. However,
as it is impossible to separate the contribution of oxygen va-
cancies and cation interstitials on the measured diffusivity
value based on the PDM, the diffusivity is considered to be
dependence on the combination effects of these two point
defects [38,39].Fig. 6. MotteSchottky plots of AZ31B alloy in NaOH solutions.
Fig. 7. Calculated donor density of the passive films formed on AZ31B alloy in NaOH solutions.
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concentration. It could be observed that the donor densities
decreased with decreasing NaOH concentration, which was in
agreement with the EIS results.
4. Conclusions
The passivity of AZ31B alloy in NaOH solutions was
studied in the present work. Conclusions drawn from the study
are as follows
1. Potentiodynamic polarization curves showed that AZ31B
displays a wide passive range in NaOH solutions.
2. Also, the potentiodynamic polarization curves indicated
that decreasing NaOH concentration leads to decrease the
corrosion rate of this alloy.
3. EIS results showed that the reciprocal capacitance (1/C )
of the passive film is directly proportional to its thickness
which increases with decreasing NaOH concentration.
4. Also, the EIS results showed that dilute NaOH solutions
offer better conditions for forming passive films with
higher protection behaviour, due to the growth of a much
thicker and less defective films.
5. MotteSchottky analysis revealed that the passive films
displayed n-type semiconductive characteristics, where the
oxygen vacancies and interstitials (over the cation va-
cancies) preponderated.
6. Also, the MotteSchottky results showed that the donor
densities evaluated from the MotteSchottky plots are in
the range 2.4e4.5  1020 cm3 and decreased with
decreasing NaOH concentration.References
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